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A B S T R A C T
In this work, we present the fabrication and characterization of a sensor combining electrochemistry with mass
sensing. The sensor was realized using pyrolytic carbon, which is highly suitable as electrode material. A pyr-
olytic carbon resonator was embedded as working electrode in an electrochemical cell with a three-electrode
conﬁguration. Initial characterization using current-voltage (IV) measurements and cyclic voltammetry (CV)
demonstrated that the pyrolytic carbon resonators were suitable as electrodes. The resonance frequency of the
carbon resonators was measured to be 143.3 ± 3.4 kHz. The conductive properties of pyrolytic carbon were
used to deposit Poly(3,4-ethylenedioxythiophene) (PEDOT) on the resonators by galvanostatic electro-
polymerization. The electrochemical carbon resonators were able to detect few nanograms of PEDOT added by
electrochemical deposition.
1. Introduction
In the last four decades, research on methods and applications of
electrochemistry combined with mass sensing techniques has dramati-
cally increased [1,2]. With electrochemical methods, identiﬁcation and
quantiﬁcation of analytes can be achieved with high accuracy which
supports the selection of optimal conditions for scale-up processes in
electrochemical synthesis [3] and scale-down for miniaturizing elec-
trochemical assays on a chip [4,5]. Mass sensing techniques can support
the study of electrochemical reactions. In parallel, electrochemical
conversion of a sample can improve the response of a mass sensor in the
detection of particular sample components [6,7]. The most popular
combination of those two analysis techniques is the electrochemical
quartz crystal microbalance (E-QCM). This tool has emerged as a
powerful in situ technique to complement electrochemical experiments
[8,9]. E-QCM combines a quartz crystal microbalance with a three-
electrode electrochemical cell. Basically, one surface of the E-QCM
crystal is employed as a working electrode while simultaneously ex-
tracting the mass changes by monitoring of the frequency of the QCM.
E-QCM is a sensitive method to examine electrodeposition [10]. Fur-
thermore, E-QCM has been used in many studies for obtaining detailed
characterization of ﬁlm deposition and dissolution [11,12] and for
studying the surface morphology and mass changes in thin ﬁlms caused
by chemical processes [8,13,14]. Similar to QCM, micromechanical
resonators are powerful tools for mass sensing based on tracking
changes of resonance frequency [15]. These devices have been widely
investigated for detection of the mass of micro- and nanoparticles
[16,17]. Similar to E-QCM, combining micromechanical sensors with
electrochemical techniques is an promising approach to improve their
performance and to explore new applications. Several studies have re-
ported combined measurements, where microresonators also have been
employed as a working electrode. For example, Au coated atomic force
microscopy (AFM) microcantilevers have been used as working elec-
trodes to measure the current–potential response (by cyclic voltam-
metry) and simultaneous bending characteristics in solutions of NaNO3
and K3Fe(CN)6/NaNO3 [18]. Another example is silicon micro-
cantilevers coated with Au on one side that have been used as working
electrode to sense Pb and Cu using cyclic voltammetry [19,20]. This
type of device was also used for controlling electrochemical deposition
processes [21]. In the past ﬁve years, electrochemical cantilever (ECC)
sensors have been developed by integrating a three electrode system
together with cantilevers on a single chip [22,23]. These electro-
chemical cantilever sensors have shown promising potential for bio and
chemical applications [23].
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Recently, carbon Micro Electro-Mechanical Systems (C-MEMS) has
been introduced as a method to fabricate microstructures in pyrolytic
carbon. Pyrolytic carbon is obtained in a pyrolysis process, where
photoresist is pyrolyzed at high temperatures in an inert atmosphere
[24,25]. The main advantage of using pyrolytic carbon as a resonator
material is that its properties can be tailored by changing the pyrolysis
parameters [26]. Additionally, pyrolytic carbon is electrically con-
ductive which potentially can be used for actuation or readout. In fact,
pyrolytic carbon has been used as an alternative to Au electrodes in
electrochemical sensors for many applications [27–31].
In our previous work, we have introduced a new method for fabri-
cation of pyrolytic carbon string resonators suitable for mass sensing
[32]. Furthermore, the resonant behavior of diﬀerent resonator designs
has been investigated and the doubly-clamped beams with a length of
400 μm and a width of 30 μm provided the highest resonance frequency
and quality factor.
Here, we investigated the potential application of pyrolytic carbon
resonators as electrochemical mass sensors comparable to the E-QCM.
For this purpose, we developed a process for the fabrication of a novel
electrochemical pyrolytic carbon resonator integrated as working
electrode in an on-chip three-electrode conﬁguration. Initial char-
acterization of electrical, electrochemical and mechanical properties of
the sensor was performed. Next, the conductive polymer Poly(3,4-
ethylenedioxythiophene) (PEDOT) was deposited on the pyrolytic
carbon resonators by electrochemical deposition. Finally, by tracking
the change of resonance frequency of the resonators, the total mass of
deposited polymer was determined.
2. Materials and method
2.1. Fabrication of electrochemical pyrolytic carbon resonators
For the purpose of electrochemical deposition, a three-microelec-
trode conﬁguration was designed on an electrode chip with overall
dimensions of 1 cm×3 cm. In order to allow for integrated mass sen-
sing, the working electrode (WE) was designed as suspended beam re-
sonators. The WE and counter electrode (CE) consisted of pyrolytic
carbon and the pseudo-reference electrode was Au. The design of the
electrochemical carbon resonator chip for electrochemical deposition is
shown in Fig. 1.
The fabrication process steps for electrochemical pyrolytic carbon
resonators are illustrated in Fig. 2. First, 200 nm low stress Silicon Ni-
tride (SiN) were deposited on N-type single side polished 4-inch wafers
with a thickness of 525 ± 25 μm using a Low Pressure Chemical Va-
pour Deposition (LPCVD) furnace (Fig. 2a-b). The SiN layer served as
insulating layer between the electrodes and the substrate. The tem-
perature of the LPCVD furnace was set at 800 °C, the deposition time
was 40min, ammonia (NH3) gas ﬂow was 50 sccm, Dichlorsilane
(SiH2Cl2) gas ﬂow was 200 sccm, and the pressure was 150 mTorr.
Reactive ion etching (RIE) with photoresist as etch mask was used to
open a window in the SiN layer deﬁning the ﬁnal length of 400 μm of
the resonators (Fig. 2c). For this purpose, AZ5214E photoresist was spin
coated by a Süss MicroTec Gamma 2M spin coater to obtain a thickness
of 2.2 μm. Then, UV exposure was done on a Süss MicroTec MA6/BA6
aligner with a dose of 200mJ/cm2. The lithography step was concluded
by developing the pattern using a Süss MicroTec Gamma 2M developer
for 60 s. The SiN layer was subsequently etched by dry etching in an
Advanced Oxide Etcher (AOE) from STS. The parameters for SiN
etching were: 700W coil power, 100W platen power, 5 sccm C4F8 ﬂow,
174 He ﬂow, 4 sccm H2 ﬂow. The etching process was performed at a
pressure of 4 mTorr and a temperature of 0 °C for 5min to open the
window in the SiN layer. Stripping of the photoresist was performed in
O2 plasma at 400 sccm O2, 70 sccm N2, 1000W for 15min. Next, the
SU-82005 device layer with a thickness of 7 μm was spin coated on top
of the wafer using a Süss MicroTec RCD8 T spin coater for deﬁnition of
the WE and CE patterns by UV photolithography (Fig. 2d). The spin
speed was set at 1500 rpm for 30 s. Instead of a soft-bake, the solvent
was evaporated at room temperature for 2 h. Subsequently, the SU-8
layer was exposed using a Süss MicroTec MA6/BA6 aligner with a dose
of 200mJ/cm2 to pattern the WE and CE structures followed by a post-
exposure-bake at 50 °C for 1 h on a programmable hotplate (Harry
Gestigkeit GmbH, Germany). The development step was performed
with PGMEA solution for a total of 4min. After development, an ad-
ditional hard-bake at 120 °C for 1 h was introduced. Next, isotropic Si
dry etching was performed to release the SU-8 structures using a RIE
with SF6 as the reactive gas in a STS MESC Multiplex ICP Advanced
Silicon Etcher (Fig. 2e). The parameters for isotropic etching were
1500W coil power, 0W platen power, etch temperature− 10 °C and
etch time 6min. After the isotropic etching step, the pyrolysis process
was performed (Fig. 2f). A two-steps pyrolysis process was conducted in
a PEO-604 furnace manufactured by ATV Technology with the para-
meters of 900 °C maximum temperature, fast ramping rate (30 °C/min)
and short dwell time (10min) [32]. The Au pseudo-reference electrode
and Au contact pads were deposited by e-beam evaporation through a
shadow mask prepared using laser machining (Fig. 2g). After deﬁning
the Au contacts, an additional O2 plasma step was performed for 5min
with 120 sccm of O2 and a run power of 500W to ensure that there was
no short circuit between WE and CE. Finally, for passivating the contact
leads, a 6 μm thick ﬁlm of SU-82005 was spin coated and patterned
with the same process as for the device layer described above (Fig. 2h).
Fig. 1. Design of three electrode chip with working electrode with ﬁve integrated electrochemical pyrolytic carbon resonators for electrochemical deposition.
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The spin coating of the passivation layer did not aﬀect the suspended
carbon resonators and full coverage of the wafer was easily achieved
despite the previous patterning steps.
2.2. Electrical and electrochemical characterization
In order to characterize the behavior of the electrochemical carbon
resonators as electrodes, the electrical resistance of the devices was
determined as well as the electrochemical performance.
The current-voltage characteristic curves (I-V curves) of pyrolytic
carbon resonators were recorded to obtain the resistance of single re-
sonators. A probe station and a Keithley 2450 source meter were used
to apply a potential between the WE (Fig. 1, pad c) and one of the two
auxiliary contacts (Fig. 1, pad b/d), and the I-V curves of pyrolytic
carbon resonators 2 or 4 were recorded.
Electrochemical measurements were carried out using an Autolab
PGSTAT128N potentiostat/galvanostat in combination with NOVA
program version 2.1.3 (Metrohm Autolab B·V, Netherlands). Cyclic
voltammetric (CV) experiments were carried out in a self-aligning
magnetic clamping system including a static electrochemical cell
(300 μL) with a solution of PBS containing 10mM [Fe(CN)6]-3/−4 at a
scan rate of 50 mVs −1 from −0.6 to 0.6 V [33]. The [Fe(CN)6]-3/−4
redox probe was used as a model system to investigate the electro-
chemical behavior of the electrodes.
2.3. Electrochemical deposition
Electrochemical deposition was performed at room temperature
(23 ± 2 °C) using an Autolab System (EcoChemie, Netherlands) con-
trolled by the NOVA 2.1.3 software. Galvanostatic electro polymeriza-
tion of PEDOT was conducted using 0.01M 3,4-
Ethylenedioxythiophene (EDOT) monomer in 0.1 M KCl supporting
electrolyte. Before electropolymerization, the EDOT monomer solution
was deoxygenated using N2 for 30min. 50 μL of monomer solution were
drop cast onto the electrode area and electro polymerization was per-
formed at a current density of 0.2mA/cm2. Polymerization time was
varied to deposit polymer ﬁlms with diﬀerent thicknesses on the WE
surface.
2.4. Resonance frequency measurements
The resonant behavior of the pyrolytic carbon resonators before and
after electrochemical deposition of polymer was measured with a MSA-
500 laser-Doppler vibrometer. The measurement setup has been de-
scribed elsewhere [32].
3. Results and discussion
3.1. Fabrication of electrochemical pyrolytic carbon resonators
Fig. 3a shows an image of an electrode chip with the electro-
chemical carbon resonators after completed fabrication. The working
Fig. 2. Fabrication process of conductive carbon re-
sonators for electrochemical deposition; a) Si wafer,
b) SiN deposition, c) Photolithography and SiN dry
etch to deﬁne resonators length, d) Patterning of SU-
8 resonator WE and CE, e) isotropic Si etch, f) pyr-
olysis to obtain carbon resonator, g) Au electrode
deposition and h) SU-8 passivation layer deposition.
Fig. 3. Electrochemical pyrolytic carbon resonators: a) photo image of electrode area with 5 resonators as an integral part of the WE and b) SEM image of a single
suspended resonator.
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electrode contains ﬁve pyrolytic carbon resonators, which can be used
for mass sensing. Fig. 3b shows a close-up view of a single suspended
carbon resonator with a ﬁnal length of 400 μm and width of 20 μm. The
thickness of the device layer changes during the fabrication process due
to shrinkage during pyrolysis. Initially, the thickness of the SU-8 was
7 μm and after the pyrolysis process the carbon thickness was 717 nm.
The ﬁnal oxygen plasma step had no signiﬁcant eﬀect on the thickness
of the device. A fabrication yield of 94% was achieved in this study.
3.2. Electrical and electrochemical characterization
For determining the electrical resistance of the resonators, current-
voltage measurements were performed. Two diﬀerent types of samples
were prepared to identify eventual diﬀerences in resistivity of sup-
ported and suspended pyrolytic carbon electrodes: Resonators released
from the substrate and non-released counterparts where the Si etching
step was omitted. Fig. 4a shows the I-V characteristics of those two
conﬁgurations displaying a perfectly identical ohmic behavior, which.
Assuming that the resistance of the contact leads is negligible compared
to the narrow resonator beam, the calculated resistance of a single
carbon resonator was 11.52 ± 0.07 kΩ (± STD, n=15).
The electrochemical behavior of the carbon resonators was studied
by cyclic voltammetry (CV) with the redox couple ferri-ferrocyanide
[Fe(CN)6]4−/[Fe(CN)6]3−. This electrochemical evaluation can pro-
vide quantitative information about the electron transfer kinetics and
the interaction between the electrode surface and electrolyte. Fig. 4b
shows the cyclic voltammograms of electrode chips containing ﬁve
released resonators and an identical pattern without release of the
structures. It can be seen that there is an approximately identical peak-
to-peak potential separation ΔEp and a negligible diﬀerence in the redox
peak currents for the released and non-released resonators. The results
conﬁrm that the etching step had no eﬀect on the electrical and elec-
trochemical properties of the resonator material.
According to the Randles-Sevcik equation, the redox peak current
values in CVs depend on the electroactive surface area of the electrode
A, the diﬀusion coeﬃcient of the electrolyte in solution D, the number
of electrons participating in the redox reaction n, the concentration of
redox probe C and the voltage scan rate v [34]. Since C, D, n and v are
all kept constant, the observed peak currents should be directly pro-
portional to the electrode surface area A. To verify that the whole WE
area was connected and contributing to the electrochemical signal, two
resonators (#2 and #4 in Fig. 1) were manually removed. The observed
signiﬁcant drop in redox peak currents for this sample (Fig. 4b) is
mainly explained by a reduced electrode area due to the disconnection
of the auxiliary contact leads (b and d in Fig. 1) from the rest of the WE.
This indirectly conﬁrms that the resonators were suﬃciently conductive
to connect all the electrode area and contribute to the electrochemical
signals. The CV measurements demonstrated that the carbon resonators
could be employed as a working electrode in diﬀerent electrochemical
reactions such as electro-polymerization.
3.3. Resonance frequency measurements
A vibrometer setup was used to extract the resonance frequency of
the resonators. Fig. 5 shows an example of the frequency response in
amplitude and phase of an electrochemical carbon resonator. The
average resonance frequency was 143.3 ± 3.4 kHz (± STD, n=25).
Compared with our previous study [32], the resonance frequency of the
pyrolytic carbon resonators was 30% lower. This can be explained by
diﬀerences in resonator design (anchor point and frame) and in the
fabrication process (insulating layer, etching process and thickness of
the SU-8 layer). However, the resonators still behave as doubly clamped
beams that are highly suitable for mass sensing.
3.4. Electrochemical deposition of PEDOT
The electrochemical carbon resonators showed promising
Fig. 4. a) I-V characteristics of single carbon resonators. Data is presented as mean ± SD (n=15) and b) Cyclic voltammetry with electrochemical pyrolytic carbon
resonators.
Fig. 5. Frequency response of carbon resonator in amplitude and in phase.
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performances as electrodes and resonators. In order to demonstrate the
advantage of combining micromechanical mass sensing with electro-
chemistry, electrochemical deposition experiments were performed.
The conductive polymer PEDOT was deposited on the resonators being
part of the WE in the electrochemical cell. Fig. 6a shows the recorded
electrodeposition proﬁle of the process while Fig. 6b shows an SEM
image of a resonator after a deposition time of 3min. It was observed
that PEDOT was deposited on all surfaces of the suspended pyrolytic
carbon resonator.
Experiments with diﬀerent times of electrochemical deposition were
performed to compare the mass of the conductive polymer added on the
resonators. For each condition, the resonance frequency of the re-
sonators was measured before and after the deposition in order to


















where Δm is the change in mass, Δf is the change of resonance fre-
quency, mo and fo are the mass and resonance frequency of the re-
sonator before deposition, respectively. Eq. (1) is based on the as-
sumption that the eﬀective stiﬀness of the resonator is constant before
and after deposition and the deposited mass is distributed evenly over
the length of the resonator. Fig. 7 summarizes the change in resonance
frequency and the added mass for diﬀerent times of electrochemical
deposition. The results showed a linear increase of the resonance fre-
quency shift and the added mass when the deposition time was in-
creased. The added mass was estimated to approximately 8 ng for
15min of deposition. The results demonstrate that the electrochemical
carbon resonators can be a promising tool for characterization of the
electrochemical deposition of polymers and other materials.
4. Conclusion
In conclusion, electrochemical pyrolytic carbon resonators were
successfully designed, fabricated and characterized. With an optimized
pyrolysis process, the pyrolytic carbon can be used as a conductive
material for fabrication of doubly-clamped micromechanical beam re-
sonators. The conductive carbon resonators were employed as the
working electrode in an electrochemical cell with a three-electrode
conﬁguration. The initial electrical and electrochemical characteriza-
tion showed that each carbon resonator had a resistance of approxi-
mately 11.52 ± 0.07 kΩ and could be used as a working electrode. The
resonance frequency of the carbon resonators was 143.3 ± 3.4 kHz
which is suitable for mass sensing. Finally, the conductive polymer
PEDOT was deposited by electrochemical deposition on the surface of
the carbon resonators. By tracking the resonance frequency before and
after electrochemical deposition, it was possible to calculate the mass of
PEDOT. The deposited mass increased linearly with deposition time to
approximately 8 nanograms after 15min of deposition. The experi-
ments demonstrate the advantage of a combination of mass sensing and
electrochemistry. The electrochemical pyrolytic carbon resonators
could potentially be used as a tool for monitoring the electrochemical or
electrostatic deposition of a large number of diﬀerent materials such as
polymers, nanoparticles or charged biomolecules. Furthermore, bio
Fig. 6. a) Galvanostatic electropolymerization of PEDOT and b) SEM image of resonator after deposition.
Fig. 7. a) Resonance frequency peak before and after 15min electrochemical deposition of PEDOT and b) Change in resonance frequency (inset) and calculated
added mass for diﬀerent times of electrochemical deposition. Data is presented as mean ± STD (n=3).
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functionalization and chemical modiﬁcation of pyrolytic carbon elec-
trodes in general could be characterized by mass sensing.
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